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Figure 83. Catches of six most regularly caught species of Suisun Bay in otter trawls of the
Bay study through time (northern anchovy excluded).
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Figure 84. Catch of six most abundant species during September by the fall midwater trawl
survey 1967-1988.

The University of California at Davis sampling program is restricted to a small portion
of the estuary but is the only sampling program that encompasses shallow slough habitat. Suisun
Marsh contains an wide assortment of native and introduced species, formerly in high
abundance. Sampling by Sazaki (1975) found native fishes in the Delta to be concentrated in
this sort of shallow habitat, but only in waters of the Sacramento River. In 1979 when the
University sampling program began, Suisun Marsh was chosen for study because it appeared to
support the densest populations of native freshwater fishes in the estuary.

All of the formerly common species of fish in Suisun Marsh have declined over the
course of the sampling program (Figures 85 and 86). Even species of broad ecological
tolerances, such as carp and Sacramento sucker, are much less abundant than they were in
earlier years. Tule perch are the only species that appear to continue to fluctuate in abundance
at abundances similar across the 11 years of sampling. Not included in the graphs, because it
only arrived in the marsh in 1987, is the introduced chameleon goby (Tridentiger
trigonocephalus). This species has increased in abundance from less than .25 per trawl in 1987
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Figure 86 Seventh through twelfth most frequently captured species in sampling of UCD in
Suisun Marsh.
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The linkage of most Suisur ™ 1y species with high outflows and low diversions emphas™ s
the community-wide level of disturbance that the combined effects of climate and water policies
of the period since 1984 has produced.

South Bay Central Bay San Pablo Bay Suisun Bay

PCl PC2 PCl PC2 PCl PC2 PCl PC2

39% 23% 37% 27% 49% 19% 39% 26%

INFLOW INFLOW INFLOW INFLOW

LFSMELT LFSMELT LFSMELT STRIPER

=WCROAK ENGLISH STAGHOR LFSMELT

-MIDSHP =ANCHOVY STRIPER STARRY

=EXPORT -EXPORT -EXPORT =-EXPORT
ANCHOVY =ANCHOVY -ENGLISH LFSMELT
BAYGOBY SHINER WCROAK STAGHORN
ENGLISH SANDDAB =ANCHOVY YFGOBY

Table 16. Principal components of the Bay Study otter trawl catch based on loglO

of total catch in year.

acre-feet.

Exports and delta inflow are measured as log of million

Only variables with weightings on components greater than .5 are listed.
Percentages give amount of variability in whole data set accounted for by each

component .

South Bay Central Bay San Pablo Bay Suisun Bay

PCl PC2 PCl PC2 PCl1 PC2 PCl PC2

41%  30% 32% 30% 53% 21% 36% 23%

BAYGOBY INFLOW INFLOW INFLOW

ANCHOVY LFSMELT LFSMELT STRIPER

WCROAK ~EXPORT STAGHOR LFSMELT

MIDSHP =ANCHOVY STRIPER STAG

=EXPORT EXPORT =EXPORT -EXPORT
INFLOW BAYGOBY -ENGLISH LFSMELT
LFSMELT SHINER WCROAK STARRY
ENGLISH SANDDAB ANCHOVY =EXPORT

Table 17. Principal components of the Bay Study otter trawl catch based on
frequency of occurrence in year. Exports and delta inflow are measured as log
of million acre-feet.Only variables with weightings on components greater than
.5 are listed.Percentages give amount of variability in whole data set accounted
for by each component.
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7.1 General overview

An important need for restoring the healthy fisheries which the Estuary has supported in
the past is to develop an understanding of the estuary as an ecosystem. Attention to date has
largely focussed on particular species or particular areas with little effort to coordinate studies.
Development of a general, descriptive model of the aquatic habitats and resources of the Bay and
Delta is necessary. To date, species have received attention largely in a crisis management
attitude: collapse of fisheries in the Bay was dealt with by removing most commercial fisheries,
loss of spawning habitat for salmon was addressed by building hatcheries, massive entrainment
of young fish by diversions is avoided by trucking hatchery salmon further downstream and by
supporting commercial hatcheries for striped bass. The declines of numerous species which
depend on the Delta and Suisun Bay habitats should provide convincing evidence that there is
a general environmental problem rather than a series of species-specific problems. Solving the
problem from a unified and scientific approach is likely to be more effective and efficient than
a piecemeal approach.

In order to attain a useful understanding of the estuarine ecosystem several steps are
needed:
1. Determine patterns of use for the major species of each embayment, regardless of their
prima facie economic value. For example, northern anchovies are the most abundant fish
in the Bay but it is unclear to what extent they actually spawn in the Bay, how much of
their feeding represents a loss of food for other fishes, or how much of the anchovy
population that enters the Bay represents productivity from the ocean that becomes food
for animals in the Bay.
2. Determine the productivity of the various parts of the estuary and identify where the
food for aquatic animals comes from. The movement of food materials between areas
is an essential part of the determination of productivity possible by animals in each area.
Appendix A represents a first effort toward this problem and illustrates the value of a
community approach. Suisun Bay has been described as an important nursery area
because of the presumed high productivity there. If this is the case and the nursery value
of Suisun Bay rests on food inputs from river flow, then no manipulation of salinity or
flow pattern within Suisun Bay can compensate for reduced river outflow.
3. Determine the trophic connections of the aquatic resources of the Bay. Knowing the
amount of food that is available generally is insufficient to estimate the production of
higher trophic levels unless the energetics of the trophic system are known. Food habits
of the animals of the Sacramento-San Joaquin estuary are poorly known so that the
abundance and distribution of lower trophic levels provides little information on the
production of higher levels. Production of Melosira, Sinocalanus, or Potamocorbula is
unlikely to provide the same fish abundances as equivalent densities of Asterionella, or
Eurytemora. Simply determining the number of trophic levels would provide a much
more sound basis for estimating potential fish production.
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therefore be as modest as possible. The abundance and distribution of benthic organisms should
be carefully considered in choosing index stations, as the benthos provide a kind of "integrated
moving-average" indication of chemical and planktonic conditions.

Actual primary productivity measurements are not necessary, as productivity can be
deduced from biomass, turbidity, and light availability (Sec. 6.2.1). But given the importance
of light availability, a permanent station should be established for measuring surface irradiance.
The absence of continuous, reliable, irradiance measurements hinders the interpretation of
existing data sets.

Assumptions about aphotic respiration have a large effect on estimated productivity,
particularly in Suisun Bay. Yet little direct evidence exists on the magnitude of these respiratory
losses. Further experimental work on aphotic respiration in San Francisco Bay would be a
definite contribution, particularly work that would improve estimates of net water column
productivity Ppw.

Benthic microalgal productivity. No measurements have yet been made on benthic microalgal
productivity, despite their possible significance, especially in South and Central bays. As
discussed previously, prevailing measurement techniques may be unreliable. Although suitable
methods may not be available for San Francisco Bay, this issue does require more attention. At
the very least, sampling of sediment chlorophyll could accompany water column measurements
at index stations. The product of sediment chlorophyll and light incident on the sediments could
serve as a relative index of benthic productivity. Incident light could be estimated from
measurements of surface irradiance and extinction coefficient (photic depth) at the sampling
stations.

Delta discharge. Delta discharge may be the largest source of organic matter for Suisun Bay and
is probably a significant one for the northern reach as a whole. The load of organic carbon to
San Francisco Bay from the Delta needs to be measured on a regular basis. Due attention needs
to be given to POC as well as DOC, and to bottom samples as well as near-surface samples.
Because of the probable episodic nature of organic carbon loading, sampling must be able to
resolve the succession of storms that characterize the winter period. Because of the apparent
importance of riverine algae, chlorophyll and derived pigments also should be measured in
tandem with organic carbon.

The issue of availability needs to be addressed as well. BOD measurement offers one
perspective on this problem. Ongoing studies of multiple stable isotope and lipid markers (J.
Cloern 1990, pers. comm.) need to be continued and extended. Additional approaches also must
be sought.

Tidal marsh export. Tidal marsh sources may be of importance for Suisun Bay, particularly
during drought periods. Direct estimates of tidal marsh export are virtually impossible, in part
because of the difficulty in determining residual flows from tidal exchange. The uncertain
availability of exported organic carbon is another obstacle. Hence, indirect methods are required
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say, 10% along each link, then the interposition of an intermediary organism has the same effect
as a ten-fold drop in the food supply at the base of the food web.

At the macroscopic level, food webs have been delineated in a number of ecosystems,
as recently reviewed by Schoener (1989). At the microscopic level, on the other hand, the
relative importance of many postulated pathways has not yet been demonstrated (Mann 1988),
for the Bay or for other ecosystems. In view of the nature and number of these microscopic
interactions -—- involving autotrophs, DOC, bacteria, protozoans and small metazoans -- a
complete characterization of the Bay’s food web appears to be an unrealistic goal for the near
future.

It is possible, nevertheless, that a complete characterization is unnecessary. Circumstantial
evidence from other ecosystems suggests that the major pathways through the food web are
sometimes relatively simple. Demersal fish production, for example, often has a high efficiency
when compared to organic carbon sources for the benthos (reviewed by Mann 1982). Energetic
considerations require that settling organic matter be consumed directly by macrofauna and
passed to demersal fish in order to account for this high efficiency. If the other components of
the benthos do, indeed, have a secondary role, then the current lack of quantitative knowledge
regarding bacteria, microfauna, and meiofauna in San Francisco Bay sediments (Nichols and
Pamatmat 1988) may not be a major impediment. Note, however, that the "small food web"
consisting of micro- and meiofauna does compete for food with the macrobenthos of some
estuaries (e.g., Wadden Sea; Kuipers et al. 1981).

A comparison of benthic macroinvertebrate productivity (e.g., Nichols 1977) with
primary productivity would be especially pertinent, particularly during bloom periods when most
of the annual phytoplankton production takes place. If macroinvertebrate productivity were a
high enough percentage of microalgal productivity, then a direct link from primary producers
to the large benthic invertebrates would be implicated. Lower percentages would imply either
that intermediate consumers were present in the water column or sediments, or that the
planktonic food web was a significant sink for organic matter. A related study in the South Bay
is currently in the initial planning stages (J. Thompson 1990, pers. comm.). A similar
investigation is warranted for Suisun Bay. The results of these studies, combined with ongoing
studies of multiple stable isotope and lipid markers (J. Cloern 1990, pers. comm.), should
provide a guide for further research within the benthic habitat.

Even though the major pathway within the benthic habitat may be simple, organic matter
from primary productivity may undergo transformations before coming into contact with the
benthos. For instance, the close relationship in San Francisco Bay between bacterial activity and
biomass, on the one hand, and phytoplankton productivity, on the other (T. Hollibaugh 1990,
pers. comm.) points to a "microbial loop" (Azam et al. 1983) in this estuary. Bacterial processes
also may play an essential intermediary role between allochthonous sources of organic matter
and larger planktonic or benthic invertebrates. Riverine phytoplankton, for example, must
undergo osmotic stress within the vicinity of the entrapment zone, probably liberating organic
material for bacterial processing. Also, detrital material from upstream may be colonized by
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of suspected causes and observed effects. Underfunding of this project in 1989 and 1990 led
to cessation of sampling for some months at a time when several species were showing the
effects of extended periods of low river outflow. Similar interruptions in other sampling
program during an earlier drought probably deprived us of information that may have been
important in understanding the effects of drought on fishes. The commitment of adequate funds
to these programs, and the personnel necessary to run them, is of the greatest importance in
protecting and understanding the resources of the Bay.

In 1966 (Tumer and Kelley 1966; Kelley 1966) a description of the fishes and
invertebrates of the Estuary covered the distribution, abundances and life history of most of the
dominant species. The importance of dead-end sloughs, both in terms of their high
concentrations of food and as principal habitat for many species was suggested by preliminary
surveys. The importance of these habitats to several species was further emphasized in surveys
conducted by Sazaki (1975). Since then several excellent reviews of biological work done in
the Estuary have appeared (e.g. Conomos 1979, Cloern and Nichols 1985, and Nichols et al.
1986, as well as many reports to the State Water Resources Control Board). However, in
looking at how to protect Delta smelt from extinction it has become clear that we have too little
knowledge to be able to identify spawning areas or habitat requirements for any of the fishes that
use shallow channels in the Delta. Identification of the critical habitat of this species will have
to encompass a larger region than is perhaps necessary in order to be sure of adequate
protection. A number of other species may also be headed for the listing process (such as
longfin smelt and Sacramento splittail) which also probably rely on shallow Delta habitats for
spawning. Sampling programs are needed to determine specific habitat requirements of native
fishes and the extent to which the species of the Delta can be managed as a community.

Tributary streams to the Bay are isolated fragments of habitats which support or have
supported 10 of the 17 fish species endemic to the Central Valley as well as populations of
several listed species, including the freshwater shrimp (Syncaris pacifica). These streams also
support remnant populations of steelhead, chinook salmon and coho salmon. These streams,
then, are significant reservoirs of California’s biodiversity but they have been the subject of little
research but major habitat alteration (Leidy 1984). Surveys are needed to identify which streams
are still home to these heritage resources, how they might be preserved, and their importance
as organic carbon contributors or as spawning habitat for species of the Bay.
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SUMMARY

The sources of food and energy for estuarine food webs are diverse. These sources include
primary production within the estuary (autochthonous sources); organic materials flowing
into the estuary from the rivers, land, and atmosphere (allochthonous sources); and
exchange with the ocean (transport sources; Fig. A.1). The first step in assessing food
availability to higher organisms in the Bay is a systematic accounting of these sources.
They are usually measured in the common currency of "organic carbon” content.

The Bay was divided into South, Central, San Pablo, and Suisun bays for assessing
organic carbon sources. Hypsographs and related morphometric data were assembled for
each subembayment (Table A.2, Fig. A.2).

Estimates were made of each organic carbon source for each subembayment using a
variety of techniques. Phytoplankton productivity was estimated from a morphometric
model and measurements made in 1980 (Table A.3, Fig. A.3). Benthic microalgal
productivity, seagrass productivity, and tidal marsh export were estimated from habitat
area in conjunction with the range of values (on the basis of unit area) published for other
estuaries. Delta discharge, point sources, nonpoint source runoff, atmospheric deposition,
spills, and dredging sources were all estimated from data collected for San Francisco Bay.
Macroalgal productivity, photosynthetic bacterial productivity, groundwater contributions,
and biotic transport could not be estimated quantitatively, but were assessed on the basis
of qualitative considerations. Transport due to circulation and mixing could not be
estimated. '

The available data permitted a comparison of the different carbon sources for 1980.
Phytoplankton productivity, benthic microalgal productivity, and Delta discharge of
organic matter probably were major sources (> 25 %) for at least one subembayment. Tidal
marsh export, point sources, and dredging transport probably were significant secondary
sources (>10%) for at least one subembayment, but never major sources. Seagrasses,
macroalgae, photosynthetic bacteria, runoff, atmospheric deposition, spills, groundwater,
and biotic transport appear to have been minor sources (<10% total), regardless of
subembayment.

For San Francisco Bay as a whole, phytoplankton productivity was the dominant and only
major source (50%), and benthic microalgal productivity was the only significant
secondary source (20%). All other sources contributed less than 10% of the total.
Comparisons for the whole Bay, as well as for each subembayment, assume that only
about one-tenth of Delta discharge was actually available to the food web.

For South Bay, phytoplankton productivity was the dominant source (60%) in 1980, but
benthic primary productivity was probably a major source (30%) as well.
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10.

11.

12.

drought and are responsible for increased grazing losses. Tidal marsh export could actually
be a major organic carbon source at present.

The invasion of the corbulid clam Poramocorbula amurensis in 1987 may lead to the
persistence of high grazing losses even after the drought ends, due the clam’s tolerance
for freshwater conditions. If so, autochthonous productivity could remain low and riverine
loading (and tidal marsh export) would be even more important as an organic carbon
source.

Evidence from hydraulic residence times, benthic invertebrate consumption rates, and
oxygen consumption suggests that most organic carbon sources in the South Bay enter the
food web. The same can be said for the northern reach as a whole. On the other hand,
organic carbon sources for Suisun Bay -- particularly riverine loading -- may actually be
consumed downstream in San Pablo or upper Central Bay.

Based on empirical generalizations from a synthesis of work at other estuaries, as well as
the apparent importance of food supply for zooplankton in Suisun Bay, a decline of total
fish production in San Francisco Bay -- particularly the northern reach -- could have
accompanied the decline of organic carbon sources since the early 1980s. The applicability
of these empirical generalizations, however, is uncertain for San Francisco Bay. Further,
conclusions can only be made about the relation between organic carbon sources and roral
fish production, not the production of any one population, on the basis of these
generalizations.

During drought conditions, relatively more of the organic carbon supply may be shunted

through benthic, rather than planktonic, pathways, favoring a relative increase in demersal
fish.

Suggestions were made for future monitoring and research programs regarding
phytoplankton and benthic microalgal productivity; Delta outflow of organic materials;
tidal marsh export; circulation and mixing; and food web structure.
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A.1 INTRODUCTION

A.1.1 Significance of organic carbon budgets

The sources of food and energy for organisms at the base of estuarine food webs are
diverse compared to those of other ecosystems. This diversity arises from several features
characteristic of estuaries. Tidal fluctuations create intertidal habitat for benthic micro- and
macroalgae, and marsh for higher plants. Rivers carry in food materials from upstream, as well
as inorganic nutrients to support photosynthesis by phytoplankton and other primary producers
within the estuary. Finally, sewage and other waste products of nearby human communities are
often a source of food for microbial populations and, ultimately, for the food web supporting
higher organisms.

Because characteristics such as morphometry, river discharge, and human population
densities differ so much from one estuary to another, the exact mix of potential food sources is
unique to each estuarine system. Because of this diversity and uniqueness, it is not possible to
understand the existence of or potential for food limitation of higher organisms -- the larger
invertebrates, fish, sea mammals, and birds -- without first undertaking an explicit accounting
of the types and amounts of food entering at the base of the food web.

If the various food sources are to be compared, they must be expressed in terms of a
common currency. Organic carbon units rather than energy units are used here, as the former
is more often measured on field samples. In practice, one usually describes food sources in units
of either organic carbon or energy simply because the information rarely exists to undertake a
more sophisticated characterization. The ramifications of this simplification must be kept in
mind, however. Food acts as a source of structural material and energy, but it also provides
specialized molecules (e.g., vitamins); the actual food value of a substance cannot be fully
characterized in a single dimension. The mere fact that a substance contains reduced carbon does
not mean that it can be ingested or assimilated by organisms. By virtue of size, shape or
chemical composition, food materials may be partially or entirely unavailable to consumers. For
most food sources, however, there is little information on availability to primary consumers and
the organic carbon or energy values must be accepted at face value. This issue is particularly
relevant to the interpretation of river-bome organic carbon and we return to it later in connection
with Delta discharge.

The "accounting” of various food web pools and fluxes in terms of organic carbon is
usually referred to as a "carbon budget.” Carbon budgets can assume various levels of detail.
The most basic budget, which we shall examine here, consists of all sources and sinks for the
organic carbon pool as a whole -- in other words, a one-compartment model -- considered on
an annual basis. The internal dynamics of the organic carbon pool are not treated at all at this
stage, nor are the total organic carbon (TOC) fluxes fractionated into such categories as
dissolved organic carbon (DOC) and particulate organic carbon (POC). These further
refinements, if found to be desirable -- and possible -- can be constructed on the basic carbon
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Figure A.1 Sources for the San Francisco Bay organic carbon pool.

The annual carbon budget itself is a function of time, not a collection of static quantities.
Many of the fluxes contributing to the budget must change from one year to the next, and their
relative importance thus may change as well. Unfortunately, estimates for each flux are available
only for one or a few years, often not overlapping. In view of the lack of data, it seems pointless
to attempt an explicit budget for each individual year. Nevertheless, as many fluxes that appear
to dominate the carbon budget were in fact measured during 1980, a year of "intermediate”
Delta outflow, we eventually use 1980 as a reference point and attempt a budget for that year.
Using this budget and various other considerations, we try to delineate those processes that were
probably negligible both in 1980 and subsequent years, even in the face of strong year-to-year
variability. For the remaining processes, the following questions are also addressed: What
interannual changes can be identified, and what were the underlying reasons? What do these
causal mechanisms imply about these fluxes since 1980 and in the coming years?

In addition to "best estimates" for each carbon source, an attempt will be made to arrive
at an uncertainty range. It will be assumed in some cases that the possible values can be
approximately described by a normal distribution; the estimate will be set equal to the mean and
the uncertainty range will be set equal to the 95% CL. A true normal distribution is actually
impossible in many of these cases, such as when a flux is physically constrained to be
nonnegative. For other carbon sources, both the estimate and the uncertainty range will be based
on the range of literature values, but with no assumption of an underlying distribution. The
estimate need not necessarily be at the midpoint of the range. The choice of estimates and
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Table A.1l
Morphometry of San Francisco Bay and its four major subembayments
referenced to the MLLW tidal datum.

Depth

Bay Area Volume Mean Median Maximum
(108 m2) (209 m3)  (m) (m) (m)
SB 4.7 1.9 4.0 2.2 29
CB 2.2 2.5 11 7.7 99
SP 2.6 0.86 3.3 1.5 29
sU 1.0 0.31 3.1 1.8 28
SF 11 5.5 5.3 2.3 99

Note: Based on the the segmentation scheme of Gunther (1987)
and the methods of Burau and Cheng (1989).

analysis. First, published values of MTL and MHHW, referenced to the MLLW datum, were
averaged for each subembayment (USCOE 1977). Next, the values for MLLW, and thus MTL
and MHHW, were referenced to the National Geodetic Vertical Datum (NGVD), again averaged
for each subembayment (USCOE 1984). The areas between MLLW and both MTL and MHHW
were then determined from tidal stage-area graphs referenced to the NGVD (Morrison 1988).
Finally, these incremental areas were added to the data for MLLW as previously determined

Table A.2
Water surface area of San Francisco'Bay and its major
subembayments at various tidal stages.

Bay MLLW MTL MHHW
(108 m2) (108 m2) (108 m2)
SB 4.7 5.5 6.1
CB 2.2 . 2.5
SP 2.6 3.2 4.4
sU 1.0 1.2 1.7
SF 11 12 15

Note: Data for MLLW are from Table A.l. The remaining
estimates are based on a variety of sources, as described
in the text.
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Figure A.3 Schematic cross-section of subembayment illustrating morphometric model used in the estimation of
phytoplankton productivity. Values given are for San Pablo Bay.

MLLW and MTL. Respiratory losses were estimated for shallow and deep regions separately
and subtracted from the correspondmg values for Tnps resulting in estimates for net annual water
column productivity mpy (g C yrl).

Central Bay measurements were not reported as part of the intensive 1980 study. Annual
values for net photic zone productivity, biomass and photic zone depth are estimated to be Py,
=140gCm2yrl, b =2.5mgChlam3,and Z, = 3.1 m, respectively (Cloern 1987, Fig.
7), without usm% separate values for shallow and deep regions. A biomass-standardized
respiration rate r° (g C [mg Chl arl ) of 3 was typical of the 1980 data for the other
subembayments (except for an anomalous value for South Bay shoals; Cloern et al. 1985) and
was used to arrive at an estimate of r = 7.5 g C m-3 yr‘l.

Because respiration rates for the aphotic zone of aquatic habitats are so controversial, the
data are presented with and without respiration corrections (Table A.3). The data clearly
demonstrate how aphotic respiration assumptions have a marked effect on production estimates,
accounting for a 30% decrement in net photic zone production for the estuary as a whole and
over 50% in the case of Central and Suisun Bays. The differences among subembayments in the
importance of aphotic respiration reflects morphometry rather than phytoplankton activity. The
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A.3 ALLOCHTHONOUS CARBON SOURCES

A.3.1 Delta outflow

The potential significance of Sacramento and San Joaquin River loading of organic carbon
can be appreciated by noting that Delta outflow has recently ranged from 3.1 (1976-77) to 79
(1982-83) km3 yr1, while the entire Bay has a MLLW volume of only 5.5 km3. Schemel
(1984) has compiled the only data set that bears directly on this question. Based on biweekly
flow-weighted measurements of DOC at Rio Vista during 1980, Schemel (1984) estimated the
Sacramento River flow of DOC to be 150 x 109 g yr-1, with a mean annual flow-weighted DOC
concentration of 5.0 mg 1-1.

POC data were collected only from April through December, so an estimate of annual
POC transport requires additional assumptions. As there was no apparent seasonal trend in the
ratio POC:DOC, based on the 9 months of overlapping data, the mean of this ratio -- 0.10+0.02
(SE) -- was used to estimate an annual POC load of 15 x 109 g yr-1. The corresponding annual
mean flow-weighted POC concentration was 0.50 mg I-1. The POC:DOC ratio could be
seriously biased by the absence of January-March data, as 65% of annual river discharge took
place during this period. Schemel (1984) pointed out that, even for the April-December period,
actual POC:DOC ratios were probably higher, as samples were taken from near the surface and
the ratio probably increased with depth. Peterson (1979), for example, estimated a POC load of
99 x 109 g yrl, using a POC:sediment ratio of 3%. Even if a ratio of 1% is used -- more
typical of surface sediments deposited within the Bay (Thomson-Becker and Luoma 1985) -- the
resulting POC load is twice the amount estimated from Schemel’s (1984) surface samples.

Based on data for chlorophyll and its degradation products, much of this POC appears to
be river-borne phytoplankton and phytoplankton-derived detritus. Chlorophyll measurements of
near-surface samples at Rio Vista were aggregated by month (and interpolated for the few
months where no chlorophyll measurements were collected). The data were combined with river
flow measurements and an assumed C:Chl a ratio of 50 to arrive at a POC flux of 6 x 109 gC
yr-! associated with chlorophyll a. Pheopigments averaged 50% of chloroghyll a at Rio Vista
during 1980 (Ball 1987a, Fig. 3b), suggesting a POC flux totalling 9 x 109 g C yr-1 for both
phytoplankton and phytoplankton-derived detritus, or about 60% of the measured POC flux.
Spiker and Schemel (1979) found that the stable isotope composition of POC just upstream of
Suisun Bay was characteristic of riverine phytoplankton, not of land plants, a result that is
consistent with the estimates presented here. Also, as pointed out by Ball (1987a), phytoplankton
blooms in the western Delta are often carried into Suisun Bay when flows exceed 300 m3 s-1.

Because the Sacramento River contributed 76% of Delta inflow and an even larger fraction
of Delta outflow, the composition of the Delta outflow was probably similar to the composition
of the river (Schemel 1984). In the absence of adequate organic carbon measurements for the
San Joaquin and east side rivers, the annual load of TOC into Suisun Bay can be estimated by
multiplying Sacramento River transport by the ratio of Delta outflow to Sacramento River flow,
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amino acids (Ittekot 1988). Depending on the hydraulic residence time within the estuary, less
labile material also may become available. The exact amount depends both on the nature of the
river-borne material and the hydraulic residence time in the estuary.

Bacterial processes may play an essential intermediary role between allochthonous sources
of organic matter and larger planktonic or benthic invertebrates. Riverine phytoplankton, for
example, must undergo osmotic stress within the vicinity of the entrapment zone, probably
liberating organic material for bacterial processing. Also, detrital material from upstream may
be colonized by bacteria and rendered more desirable and nutritious for consumers such as
Neomysis mercedis, which often has abundant detritus in the gut (Kost and Knight 1975).

No studies appear to have been conducted explicitly on the suitability of organic carbon
from Delta discharge as a food for primary consumers, but some pertinent indirect evidence
exists. Five-day Biochemical Oxygen Demand (BOD5) was measured at several Department of
Water Resources (DWR) stations along the Sacramento River between Rio Vista and Chipps
Island from 1968 to 1977. The sites (and periods of record) were as follows: below the Rio
Vista Bridge (D24, 1968-1970); at Emmaton (D22, 1968-1970); above Point Sacramento (D4,
1973-1977); and at Chipps Island (D10, 1968-1970, 1973-1977). Data were collected
approximately monthly during the indicated periods. No differences in the mean values could
be found among sites for the periods 1968-1970 (D24, D22, D10) or 1973-1977 (D4, D10). No
trend in the annual mean could be detected at Chipps Island, the only station for which a long
record existed. The mean BOD4 value was 1.3+0.1 (SE) mg I-1. If we assume a C:072 molar
ratio of 1, this level of BODj5 corresponds to 0.49 mg 1-1 organic carbon, which can be
considered an indication of " readily available" organic carbon. The lack of any long-term trend
suggests that we might apply this mean to 1980 as well. Recall that measured TOC averaged 5.5
mg 1-1 at Rio Vista in 1980, implying that, of the total 180 x 109 g yr'1, at least 16 x 109 g C
yr-1 - approximately 10% -- was readily available for assimilation and metabolism by bacteria
and perhaps higher organisms. This value is consistent with the results from global studies
quoted above.

It is useful to examine the magnitude of BOD5 loading from Central Valley point source
dischargers. A minimum estimate for the early 1970s -- when secondary treatment was beginning
to expand -- as well as for 1979, has been assembled by Hansen (1982). The 1979 values
amount to 3.2 x 109 g BODs yr-1, equivalent to a TOC of 1.2 x 109 g C yr'l, or 1.6 x 109 g
C yrl if we use convert the BODj5 to ultimate BOD using typical values for sewage (Sec.
A.3.3). The actual values may be higher than this minimum estimate. On the other hand, much
of this material may already be oxidized before it reaches the Bay. In any case, there is no
evidence that point source discharge upstream of Suisun Bay is a major component of TOC
loading from Delta outflow.
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marshes remains unknown. Export of reduced sulfur would, however, increase the allochthonous
energy contributions of tidal marsh beyond that estimated on the basis of organic carbon export
alone. At the Great Sippewissett, for example, if transformed into orgamc carbon with 25%
efficiency, reduced sulfur export is equivalent to almost 200 g C m~ 2yrl,

As in the case of river-borne organic carbon, the issue of availability arises for tidal marsh
export. The availability of exported material is a complex and controversial subject (reviewed
by Valiela 1984; Mitsch and Gosselink 1986; and especially Mann 1988), and the quantitative
significance of this issue for the San Francisco estuary is unknown.

Bearing these caveats in mind, a mean export value of 150 g C m-2 yr-1 results in the
following annual mass exports for the tidal marshes of each subembayment, based on the NWI
habitat maps for 1985 (109 g C yrl):

SB 5.2
CB O
SP 9.8
SU 6.4
SF 21

As discussed in the context of benthic microalgal productivity (Sec. A.2.3), the South and
Central bay estimates can be applied to 1980 as well. For the other two subembayments, it s
necessary to assume that tidal marsh areas changed little between 1980 and 1985.

A.3.3 Point sources

The term "point source” usually refers to a source of material load to the estuary that
enters at a discrete location and can be identified as the waste stream of an individual discharger.
An example is the discharge from a municipal wastewater treatment plant. Point source
dischargers in the Bay area are regulated by the California Regional Water Quality Control
Board, San Francisco Bay Region (CRWQCB-SFBR), which compiles the monitoring data of
individual dischargers. Gunther et al. (1987) describe the state of this data set in some detail.
At the end of 1986, 205 permits were in effect for point-source discharges to San Francisco Bay,
although not all were active.

Organic carbon data (i.e., TOC, DOC, and POC) are not part of the required monitoring
program for point sources. As a result, we are compelled to make inferences about carbon
loading from the routine measurements of Biochemical Oxygen Demand (BOD). BOD values
correspond to the metabolizable fraction of the organic carbon load, and thus may be more
germane than TOC to the issue of energy supply to the food web. In order to compare with the
contributions from other sources, however, it is necessary to attempt some kind of conversion
10 our common currency, namely, organic carbon. Although interchangeability of TOC and BOD
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Industrial discharge, not included in the above loading estimates, accounted for an additional 5%
of BODj load, at least in 1985 (T. Wu, pers. comm. 1990).

Although EBMUD discharges into a region considered part of Central Bay according to
the AHI segmentation scheme, the CRWQCB-SFBR classifies EBMUD as a South Bay
discharger. EBMUD had an average flow of 120 x 109 1 yr-1 during the period 1984-1986
(Gunther et al. 1987), which is about 20% of the total South Bay point source discharge for
1985 (CRWQCB-SFBR). Thus, the South Bay value should be decreased somewhat and the
Central Bay value increased by the same amount. As will become clear, however, omission of
this adjustment does not affect any conclusions.

It is also of interest to calculate the implied TOC concentrations in waste discharge given
the estimated "available” TOC loads and the waste flow for each subembayment. Estimates were
made for 1985 -- year of the most recent CRWQCB-SFBR compilation -- in order to compare
with recent actual TOC measurements. These implied TOC concentrations are (mg 1-1):

SB 4.8
CB 12
SP 9.3
SU 10

SF 6.1

Some data are available for effluent TOC concentrations from the San Jose/Santa Clara Water
Pollution Control Plant, which is the single largest discharger in the South Bay. In autumn of
1989, samples for TOC analysis were collected from Artesian Slough, which receives discharge
from the plant (T. Grovhoug 1990, pers. comm.). The low salinities of these samples indicated
that they were, indeed, mostly sewage effluent, largely undiluted with Bay water. The samples
contained 7.4-8.4 mg 11 TOC. Certain effluents have much higher TOC concentrations. For -
example, based on daily TOC measurements from 12 June 1989 through 1 June 1990 (W.
Hellier 1990, pers. comm.), the mean effluent TOC for EBMUD is 30 mg I-1. Although these
data are consistent with the estimates of 4.8 and 9.3 mg 1-1, respectively, for "available” TOC,
they do raise the possibility of much higher values. A meaningful uncertainty range cannot be
given, however.

As in the case of river-bome NH3, sewage NH3 must be considered a potential fuel for
chemoautotrophic contributions to the organic carbon pool. The maximum rates of nitrification
in estuaries have been measured, in fact, directly beneath sewage outfalls, where high NH3 and
sufficient O occur (Billen 1975; Vincent and Downes 1981). Point source waste loads of
NH3-N can be estimated by combining NH3:BOD ratios for 1975 waste loads in each
subembayment (Peterson 1979) with the 1980 BOD data (CRWQCB-SFBR 1987). The resulting
loads total 3.3 x 109 g yr-1 NH3-N, similar to the river-bomne load and equally unimportant.
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A.3.5 Other allochthonous sources

A variety of other possible allochthonous sources can be entertained. Russell et al. (1982),
for example, estimated an aerial fallout of 1.8 x 109 g BOD yr‘1 to the surface of the Bay in
1978, implying atmospheric deposition of at least 0.90 x 10° g TOC yr‘l. On the basis of data
for Chesapeake Bay, Gunther et al. (1987) extrapolated a total hydrocarbon deposition of only
0.045 x 109 g yr1 to San Francisco Bay.

Oil spills are also common in the Bay, although the mass loading from spills was estimated
to be only about 0.073 x 109 g yr1 of petroleum hydrocarbons in 1986 (Gunther et al. 1987)
and presumably even less in terms of TOC. A large interannual variability in spills would not
be surprising, but annual spillage during the period 1984-1986 was quite consistent at 0.09+0.01
(SE) x 109 g yr-1 petroleum hydrocarbons.

Groundwater loading appears to be a completely unknown source. Russell et al. (1982) did
not include groundwater among the significant freshwater sources to San Francisco Bay (but
there was no explicit justification). If groundwater flow is indeed minor compared to, for
example, runoff, then organic carbon loading from groundwater is probably negligible as well;

there is no reason to expect much higher concentrations of organic carbon in groundwater than
in runoff.
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1977). Peterson (1979) estimated oxygen exchange due to this circulation by assuming an
average nontidal flow landward of 5 km d-1 and seaward of 6 km d-1 (Conomos 1975), each
characterizing half the cross-sectional area at the Golden Gate. Based on the STORET data, the
mean TOC value is 4.8+0.2 (SE) mg I-1 for the Bay-Delta. If we assumed a TOC value of §
mg 1-1 for Central Bay and the flow rates used by Peterson (1979), the seaward losses would
be 480 x 109 g yr-1, larger than any of the source terms considered previously.

Given these seaward losses, the ner flux depends on the concentration of TOC in inflowing
bottom waters. These concentrations are unknown. But for illustrative purposes, let us compare
the net fluxes through the Golden Gate for two different TOC concentrations in bottom waters:
4 and 8 mg 1. In the first case, the landward flux would be 320 x 109 g yr-I, resulting in a
net flux of 160 x 109 g yr-1 seaward; in the second case, the landward flux would be 640 x 109
g yr1, resulting in a net flux of 160 x 10° g yr'! landward. Both fluxes have large ramifications
-- but in opposite directions -- for the carbon budget for Central Bay, as well as for the entire
Bay. Clearly, ocean-Bay exchange is capable, in principle, of drastically modifying supply and
loss rates for the estuarine pool of organic carbon.

A similar argument can be made for the potential importance of diffusive flux.
Longitudinal diffusion coefficients have been assessed by several investigators, with estimates
falling in the approximate range of 0.1-1 x 106 cm? s-1 (Conomos 1979, Table 4) and
decreasing toward the Golden Gate in both the northern and southern reaches. A diffusivity of
0.4 cm2 s-1 and a gradient of 0.1 mg 1-1 km-1 TOC through the Golden Gate would result in
a flux of 11 x 10° g yr! due to mixing, comparable to estimates for benthic microalgal
production in Central Bay. Peterson and his coworkers (Peterson et al. 1978; Peterson and Festa
1984) used a much higher mixing coefficient (4 x 106 cm2 s-1) in order to simulate silica and
phytoplankton distributions. Clearly, diffusive as well as advective fluxes may transport
significant amounts of TOC between ocean and Bay, as well as between subembayments.

Some comments also can be made on the direction of net transport. The POC
measurements of Schemel and Dedini (1979) suggest a gradient downward toward the Golden
Gate for the northern reach (seaward of the null zone) and southern reach during winter, at least
for data averaged over several years (Conomos et al. 1979, Fig. 9). If these measurements were
representative of the entire water column -- and not just the surface waters where the samples
were collected — then the diffusive transport of POC should be seaward from all
subembayments in winter. Indeed, a decrease in POC from estuary to coastal sea is common
(Head 1976). In summer, on the other hand, average values were approximately the same from
northern San Pablo Bay to below the San Mateo Bridge, with no clear gradient. On an annual
basis, sediment budgets suggest a net transport of sediments from South Bay (Krone 1979).
Similarly, Conomos et al (1979) describe a1 trans; t of South Bay sediment from inflows
and bottom resuspension to Central Bay, where it is deposited or released to the ocean. The
sediment data may be considered weak evidence for similar behavior of POC. The existing data
thus support a net seaward transport of POC.
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(2) The second group consists of processes that also appear to be insignificant, but the evidence
is anecdotal and the conclusion less certain. This group includes macroalgae, groundwater, and

biotic transport.

Table A.4

Organic carbon sources for San Francisco Bay and its major

subembayments (1011 gcC yr'l).

Carbon sources SB CB SP SU SF Year
Autochthonous
Phytoplankton 0.71 0.15 0.39 0.05 1.30 80
Benthic microalgae? 0.32 0.11 0.12 0.02 0.57 80,85
Seagrasses 0.00 0.00 0.00 0.00 0.01 187
Macroalgae n.s. n.s. n.s. n.s. n.s. =
Photosynthetic bacteria n.s. n.s. n.s. n.s. n.s. -
Allochthonous
Delta discharge 0.00 0.00 0.00 1.80 1.80 80
Tidal marsh export 0.05 0.00 0.10 0.06 0.21 85
Point sources 0.07 0.05 0.00 0.02 0.13 80
Runof £b 0.04 - 0.02 0.01 0.07 80
Atmospheric deposition 0.00 0.00 0.00 0.00 0.01 78
Spills 0.00 0.00 0.00 0.00 0.00 86
Groundwater n.s. n.s. n.s. n.s. n.s. -
Transport
Circulation and mixing ? ? ? ? ? -
Dredging® 0.00 0.05 0.00 0.00 0.00 75-85
Biotic transport n.s. n.s. n.s. n.s. n.s. -

Notes: Tidal marsh habitat is external to the system boundaries
under consideration. Where applicable, epiphyte production is
implicitly included with host plant production. Estimates are for
the indicated year only. The uncertainty in some of these

estimates is considerable and the text must be consulted for

essential details. N.s. = probably not significant, but no

quantitative evidence.

8Intertidal habitat area based on 1985 data, subtidal on 1980

photic depth data.
bcB included with SP.
CAverage for 1975-1985.
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influences such as resuspension can be described qualitatively, their actual significance has not
been measured.

Implications for the near future. As previously mentioned, annual mean Py in the channel
had a CV of 26% for the period 1980-1987. If Py, were considered instead of Ppp, and the
variability of shoal areas was included, the apparent year-to-year fluctuations in primary
productivity of South Bay could be even less. In contrast, annual Delta outflow (DAYFLOW
method) during this period had a CV of 81%, with a maximum more than 13 times the
minimum. Thus, even if Delta discharge does underly interannual variability of primary
production in South Bay, the effects of river outflow are heavily damped. Annual production
appears to be relatively stable.

The recent appearance of the Asian corbulid clam Potamocorbula amurensis (Carlton 1990)
introduces a new element of uncertainty, particularly for South Bay south of the Dumbarton
Bridge. Potamocorbula is currently present, but not abundant, in South Bay both north and south
of the Bridge (Carleton 1990). According to a synoptic survey in 1973 (Nichols 1979; Thompson
and Nichols 1981), benthic invertebrate biomass south of the Bridge was 50% less than biomass
north of the Bridge in summer, 80% less in winter. Organic carbon sources have not yet been
tallied for the lower South Bay independently. Little reason exists, however, for expecting a
lower food supply, particularly as tidal marsh export, point source discharge, and runoff are
probably much higher here than for South Bay as a whole. A potential may be present for higher
benthic biomass, increased grazing pressure, lower phytoplankton biomass, and reduced
phytoplankton productivity. Potamocorbula perhaps can exploit this opportunity because of its
apparent ability to withstand a much wider range of sediment types and salinity than other
benthic macroinvertebrates (Carleton 1990). In South Bay north of the Dumbarton Bridge, on
the other hand, benthic biomass is more typical of intertidal communities (e.g., Knox 1986b).
Potamocorbula may very well displace certain members of the current estuarine invertebrate
community, but the total biomass and consequent grazing pressure may not change dramatically.
Note that interannual variability is high among the benthos, despite the absence of long-term
trends (Nichols and Thompson 1985b); thus, the applicability of the 1973 data to subsequent
years is actually unknown and the suggestions made here highly speculative.

A.5.3 Central Bay

Boundaries for the central basin. Central Bay has often been partitioned into a southern
portion, which is regarded as part of "South Bay," and a northern portion, which is regarded
as part of "North Bay." Topographic considerations, however, suggest that the central portion
should be considered separately, as evidenced by the hypsographs of Fig. A.2. The most
informative boundaries for "Central Bay" are not necessarily those delineated by the AHI
segmentation scheme. In particular, the region between the San Bruno shoal and the Bay Bridge
may have less affinities with the rest of South Bay than with what we have been calling Central
Bay (cf. Powell et al. 1986). This point is illuminated further by examining the few relevant
time series that exist. From late 1977 through 1980, chlorophyll a was measured almost monthly
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Conditions in 1980. Central Bay -- as defined by the AHI segmentation scheme -- was
dominated by phytoplankton and benthic microalgal productivity in 1980, at least as far as the
"known" carbon sources were concerned (Table A.4). Point sources and dredging contributed
significant amounts, but were almost definitely of secondary importance.

The flux of organic carbon from both South and San Pablo bays is unknown and could
very well have been a significant source. The longitudinal profile of annual mean chlorophyll
a in 1980 suggests transport of chlorophyll into Central Bay from San Pablo Bay and from South
Bay, at least from south of the San Bruno shoal (Cloern 1987, Fig. 4). As discussed previously,
the winter gradient of surface POC also suggests transport into Central Bay from both adjoining
subembayments, but the summer gradient is less certain (Conomos et al. 1979).

The coastal ocean also may have functioned as a net source of chlorophyll and possibly
POC. In 1980, the annual mean extinction coefficient decreased toward the Golden Gate and,
as a result, estimated annual productivity reached a Central Bay maximum at this boundary with
the coastal ocean (Cloern 1987). It is thus possible that the lower extinction coefficient and,
perhaps, decreased benthic grazing pressure compensated for the higher mixing depth. Annual
net productivity may have actually been higher just outside the Golden Gate. If higher
productivity were reflected in higher biomass accumulations, then the net chlorophyll flux could
very well have been into the Bay. On an annual basis, the mean chlorophyll gradient is
uninformative, however; the gradient within Central Bay is very weak, from the boundary with
San Pablo Bay down to the San Bruno shoal.

Interannual variability. Whatever the exact boundaries that best further understanding, the
central basin has been relatively overlooked both in long-term biological sampling and in
delineation of causal mechanisms. In particular, no long-term chlorophyll series exist to
adequately characterize interannual variability of either phytoplankton or benthic microalgae.

As in South Bay, wastewater discharge must have been a significant source of organic
carbon in the recent past. Peak values occurring in 1970 (Fig. A.S5) were equivalent to 0.1 x
1011 g yr-1 of "available” TOC. This value is comparable to both estimated phytoplankton and
benthic microalgal productivity, especially when we recall that the latter two processes have
uncertainty ranges of at least 50% (Table A.4). Point source discharges no longer appear to play
an important role in the carbon budget of Central Bay.

Transport associated with dredging exhibits high interannual variability (AHI and PWA
1990). The quantity moved from South Bay to the Alcatraz site in 1987, for example, was about
twice the 1986 amount. Because dredging transport appears to be a secondary source of organic
material, the interannual variability probably has little direct effect on the supply of organic
carbon to the Central Bay food web. In the absence, however, of long-term data for the
dominant processes -- phytoplankton and benthic microalgal productivity -- a role for dredging
during certain years cannot be ruled out with assurance.
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A.5.4 San Pablo Bay

Conditions in 1980. Phytoplankton productivity was also probably the dominant energy
source for the San Pablo Bay food web in 1980 (Table A.4). Benthic microalgal productivity
could have been a significant secondary source, but appears to have been relatively less
important than in South or Central bays. Tidal marsh export was estimated to be the same
magnitude as benthic primary productivity, but was relatively more important than in South and
Central bays. Point sources were unimportant. As usual, the amount of organic carbon
transferred from other subembayments was unknown but possibly significant.

Interannual variability. As in Central Bay, interannual variability of phytoplankton activity
is difficult to characterize and to understand because of the paucity of long-term chlorophyll or
productivity measurements in San Pablo Bay. During 1971-1973, chlorophyll samples were
collected from both shoal and channel sites, but routine sampling has since been confined to
channel sites near the Pinole shoal area (D42 until 1980, D41 since 1980: Ball 1987a). It is
particularly unfortunate that no long-term data series are available for the shoals, as a majority
of annual phytoplankton production probably takes place in the shallower region (Table A.3).
Based on the study of seasonality during 1980 (Cloern et al. 1985) and the chlorophyll data that
do exist for San Pablo Bay (Ball 1987a), interannual variability of phytoplankton has been
attributed to processes similar to those of Suisun Bay. Much more data is available for Suisun
Bay, so we defer the discussion of this variability to the following section.

Tidal marsh habitat area for San Pablo Bay may have undergone a larger reduction in
recent decades than for South Bay (Atwater et al. 1979). The importance of tidal marsh export
in the recent past hence may have been higher than in 1980 or later years. Unfortunately, the
NWI habitat data for 1958 have not been digitized for San Pablo or Suisun bays, rendering a
comparison with the 1985 data impossible at this time.

Point source discharge has never been important, even in 1970 when it peaked at a BOD
load equivalent to 0.01 x 1011 g C yr! (Fig. A.5).

A.5.5 Suisun Bay

Conditions in 1980. Suisun Bay departs from the other subembayments in terms of organic
carbon sources (Table A.4). For the others, phytoplankton productivity was the dominant, or
at least a major, known source in 1980, with a possible major role for benthic microalgal
productivity in South and Central bays. Benthic microalgal productivity also played a significant
role in San Pablo Bay. In contrast, the dominant organic carbon source for Suisun Bay may very
well have been Delta discharge; it appears to have dominated even if we consider only 10% to
have been available to the food web of Suisun Bay (Sec. A.3.1; but see Sec. A.6).
Phytoplankton productivity was of secondary importance. Tidal marsh habitat area may have
decreased between 1980 and 1985, the year for which export estimates were made, but even the
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Figure A.8 Chlorophyll a loading, based on measurements from surface waters near Pt. Sacramento (D4), from
1976-1987 (data from DWR). ’

and its degradation products may account for much of the POC loading, and these materials may
constitute most of the TOC loading actually available for consumption. Chlorophyll
concentrations near the juncture between Suisun Bay and the Sacramento River at Point
Sacramento (D4), combined with Delta outflow values, were used to estimate a flow-weighted
loading of chlorophyll into Suisun Bay for 1976-1987. Loading of chlorophyll into Suisun Bay
was strongly related to flow (Fig. A.8). In other words, the year-to-year fluctuations in riverine
loading largely reflect the corresponding variability in Delta outflow. The current drought period
that began in 1987, in particular, is probably a time of highly reduced chlorophyll loading from
Delta outflow.

Part of the BOD load carried into Suisun Bay can be attributed to upstream point source
dischargers (Sec. A.3.1). In the early 1970s, this load amounted to at least 14.4 x 109 g yrl
BODs, falling off to 3.2 x 109 in 1979 (Hansen 1982). The significance of the decrease during
the 1970s is uncertain. The estimates are minimum values and the actual decrease in point source
discharge may have been much higher; on the other hand, much of the TOC in discharge may
have been respired before reaching Suisun Bay. The BODg from the Chipps Island station (D10)
is informative, as it covers this time period approximately (Fig. A.9). No trend is apparent in
this series, suggesting that upstream changes in municipal wastewater discharge did not affect
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Figure A.10 Monthly mean chlorophyll 2 concentrations in Grizzly (D7) and Honker (D9) bays, and in the channel
of Suisun Bay (D8; data from DWR).

(D7) and a Honker Bay (D9) shoal station suggest that phytoplankton productivity in Suisun Bay
has been depressed since 1982-1983 (Fig. A.10). Productivity in 1977 also appeared to be low.

As in San Pablo Bay, recent trends for tidal marsh area cannot be evaluated. Point sources,
when they were four times higher in 1970 (Fig. A.5), may sometimes have been as significant
as phytoplankton or tidal marsh sources, but even then they would have been secondary to
loading from Delta discharge.

A-47






channel chlorophyll testifies to the effectiveness of tidal mixing between the two regions (Fig.
A.10).

The relationship between the entrapment zone and shoal biomass (and, presumably,
productivity) is not a simple one. Rather than determining a unique biomass, the location of the
entrapment zone appears to set bounds on a range of possible biomass levels. This can be most
easily appreciated by examining the relationship between chlorophyll and Delta outflow at a
shoal station (D7; Fig. A.11). River flow creates an envelope of possible chlorophyll
concentrations that narrows at both high and low flows. The maximum of the smoothed
scatterplot (LOWESS algorithm: Cleveland 1981) occurs at about 250 m3 s-1, the approximate
center of the flow range that positions the entrapment zone in Suisun Bay. But chlorophyll values
are quite variable within the envelope and it is clear that positioning of the entrapment zone is
not the whole story.

An additional source of interannual variability in biomass appears to be consumption by
benthic herbivores. Nichols (1985) detailed how the Atlantic soft-shell clam Mya arenaria and
other estuarine benthic invertebrates become established in Suisun Bay during drought periods
such as 1976-1977. The larvae are carried upstream in the river-induced gravitational circulation
and are able to colonize sites in Suisun Bay when salinity increases during dry years. In 1977,
the estuarine species achieved densities sufficient to filter the entire water column approximately
once per day. Similar appearances of Mya in 1962, 1981, and 1985 in Grizzly Bay suggest that
about 16 months of consecutive low river inflow were necessary for successful colonization to
take place (Nichols 1990). The return of higher inflows eliminates estuarine species, resulting
in decreased feeding pressure from the benthic invertebrate community.

This relationship between prolonged low river flow and temporary invasion by estuarine
benthic invertebrates may have been upset in 1987 by the appearance of the Asian corbulid clam
Potamocorbula amurensis (Carlton 1990). The clam was probably introduced from the western
Pacific by the release of seawater ballast into San Francisco Bay in the mid-1980s. By 1987,
Potamocorbula had become numerically dominant at shoal and channel sites in both Suisun and
San Pablo bays, and was also present at some South Bay sites. The rapid spread has been
attributed to a depauperate benthic community following the flood in early 1986, which resulted
in a lack of competition from pre-existing species (Nichols 1990). Low river inflow had again
become prolonged for a period of 16 months by 1988, but Mya arenaria did not appear in its
usual numbers, apparently excluded somehow by the new arrival.

Implications for the near future. Low phytoplankton productivity may persist as long as
conditions -- namely low freshwater flows -- favor estuarine benthic macroinvertebrates.
Although riverine loading probably will increase once flows are restored, the same cannot be
said of phytoplankton productivity. Potamocorbula amurensis is able to tolerate an extremely
wide range of salinity (at least 1-30 ©/00), suggesting that it will not be dislodged by the return
of higher river inflows (Nichols 1990). If so, enhanced grazing pressure from benthic
invertebrates will continue, depressing local populations of phytoplankton and perhaps benthic
microalgae. Lower microalgal productivity could therefore persist for some time.
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C yr-1, In comparison, if tidal marsh exports were unaffected by outflow, estimated export
would : " be 0.06 x 1011 (Table A.4). Tidal marsh export consequently may be a more notable
source of organic carbon during drought periods.
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This seasonality in f, forces us to confront a fundamental deficiency with assessing organic
carbon sources on an annual basis: The individual organic carbon sources also change radic "y
with the seasons. In 1980, for example, 35% of DOC imports from the Delta occurred in
January, less than 5% in August. Suisun Bay primary productivity, in contrast, peaked in August
and was negligible in January. The actual contribution of an individual source to the food web
thus depends on the temporal matching of its flux J and f;. More formally, although the annual
contribution of the ith carbon source to the organic carbon pool is simply the time integral of
J;, the annual contribution fo the food web is the time integral of J - fc. Because high river flow
decreases T, but apparently increases J; due to riverine loading (Fig. A.8), there is an inherent
mismatch between riverine sources and f. (although the presence of an entrapment zone at
150-300 m3 s-1 [Ball 1987a] would increase T}, and f, over the values expected on the basis of
flow volume alone). Furthermore, because of the inhibitory effect of river flow on consumer
populations, the mismatch could be exacerbated by an increase in T during high flow. In
contrast, seasonality favors the contribution of primary productivity sources to the food web. A
higher proportion of organic carbon derived from primary productivity than from riverine
sources is probably consumed on an annual basis. These considerations constitute a strong
argument for taking the next step in assessing organic carbon sources, namely, aiming for a
higher resolution in time.

Although a large proportion of organic carbon sources for Suisun Bay may never enter the
food web of the subembayment, particularly in winter, the same cannot be said for the northern
reach as a whole. When we consider the quantity f,, for the entire northern reach of the estuary,
a much higher fraction probably enters the food web. The northern reach has hydraulic residence
times three-fold higher than for Suisun Bay alone (Walters et al. 1985). Furthermore, benthic
invertebrate biomass may be substantially higher -- and T lower -- in San Pablo compared to
Suisun Bay (Thompson and Nichols 1981). Thus, much of the organic matter for Suisun Bay
attributed to Delta discharge may actually be consumed within San Pablo Bay.

Assuming that available riverine TOC is 10% of the total riverine loading (Sec. A.3.1),
then the combined contribution of all organic carbon sources is 1.1 x 1011 g C yr-1 for the
northern reach (including Suisun, San Pablo, and half of Central Bay sources). For this northern
reach as a whole, phytoplankton productivity is the only major source (50%), while benthic
microalgal productivity, Delta discharge, and tidal marsh export may be significant secondary
sources (10-20% each). A mean C:09 molar ratio for benthic respiration in San Francisco Bay
appears to be about 1 (Hammond et al. 1985). If respired within the estuary, the carbon sources
should thus give rise to an oxygen consumption of 2.9 x 1011 g yr-1. In comparison, Peterson
(1979) estimated a substrate oxygen consumption of 2.3 x 101! g yr-1 for the northern reach,
about 20% less than our estimate. Peterson’s assessment was based on a mass balance for
oxygen using primary productivity and respiration measurements for 1976-1977, estimates of
transport across the air-water interface, and an assumption that net dispersive transport of
oxygen was zero in the horizontal direction. Production in 1976-1977 was probably lower than
in 1980 and secondary carbon sources were ignored, so the method used by Peterson (1979)
should yield a higher estimate for 1980. The agreement between the estimates made on the basis
of organic carbon sources and by Peterson (1979) is remarkable, and perhaps fortuitous in view
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A.6.2 Organic carbon sources and higher organisms

The effect of food supply on aquatic resources of the Bay can be broken down into three
successive issues: (1) the supply of new organic carbon by primary productivity and imports;
(2) the partitioning of this new organic carbon between an unutilized outflow and entry into the
food web; (3) and the flow of organic carbon from new organic carbon entering the food web
to the populations of interest, whether they be fish, shellfish, and so on. Previous sections have
dealt with the first two issues -- particularly the first -- in some detail. The last issue is the most
complex one, and certainly the least understood. It is not possible to be as systematic about
organic carbon flow within the food web as we have tried to be about organic carbon sources
to the food web. One particular finding based on studies of many estuaries, however, is
worthwhile reviewing here.

Despite our lack of knowledge regarding the particulars of food webs, certain
simplifications have emerged regarding fish production from a synthesis of work in many
different aquatic ecosystems. In particular, whether in marine or freshwater systems, fish yield
tends to increase with annual primary productivity and, presumably, other organic carbon
sources (e.g., Nixon 1988). For marine (including estuarine) systems, fish yield is proportional
to the 1.6th power of primary productivity (R2 = 0.84, p < 0.05), suggesting that primary
productivity changes are amplified in fish yield changes. The slope of the relationship may be
even higher for estuaries (Nixon 1988, Fig. 6). Given that organic carbon sources for certain
subembayments such as Suisun Bay (Sec. A.5.4) have decreased during the recent drought
period, it is tempting, on the basis of this empirical relationship, to conclude that the overall
yield of fish and macroinvertebrates must have decreased as well. Although this may very well
be true, a number of caveats are in order. '

First, even if this rule-of-thumb connecting fish yield and primary productivity does reflect
the effects of food supply, it would be unwise to assume too great a precision. The relationship
was established with productivity data ranging over a factor of 20. Over the much smaller range
probably characteristic of San Francisco Bay during the last decade, the variance explained by
this relationship is much less and other factors are correspondingly more significant.

Second, a more recent analysis of total fish yield in coastal and open ocean waters
concluded that camivorous fish production is controlled by the amount of "new" nitrogen (as
opposed to recycled nitrogen) annually incorporated into phytoplankton biomass (Iverson 1990).
The relationship between fish yield and total primary production (Nixon 1988) is therefore just
a surrogate for the true causal relationship between fish yield and "new" primary production.
As little evidence exists that San Francisco Bay -- as opposed to the Delta -- is nitrogen-limited,
it is unclear how well this relationship can be applied to the Bay.

Finally, the relationship addresses only overall fish yield. Although overall yield may
decrease -- a conclusion which cannot be verified for the Bay because of insufficient data -- the
same cannot be said for individual species of interest. Each population will react according to
its habitat and food requirements, undoubtedly resulting in a shift in species composition.
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A.7 DATA AND INFORMATION GAPS

Phytoplankion productiviry. Changes in the array of sampling stations are warranted. Two issues
in particular need to be addressed. First, primary productivity in shoal areas dominates that in
deeper areas, especially in Suisun Bay (Table A.3), yet most data are collected from channel
stations. Second, almost no long-term series of chlorophyll or productivity measurements are
available for Central and San Pablo bays. Little is known, consequently, about the entrapment
zone when it is pushed out of Suisun Bay by high flows. Third, certain areas in South and
Suisun bays appear to be oversampled in space, relatively speaking. In the South Bay, for
example, the region between San Bruno shoal and the Dumbarton Bridge exhibits much less
spatial variability than the region between the Golden Gate Bridge and San Bruno shoal (Fig.
A.6). A similar analysis of data landward of the Carquinez Strait reveals tight clusters of
stations, such as from Chipps Island to Point Sacramento.

Time series for the Bay are thus characterized by periods with relatively high frequency
data, and regions with relatively high-resolution data, interspersed with long gaps in time and
space. The irregularity in sampling hinders the potential value of the data that are collected,
particularly for understanding the long-term changes that may now be underway globally. A
commitment needs to be made to a group of "index stations” that will be sampled at a regular
frequency for at least chlorophyll @ and extinction coefficient (or, equivalently, photic depth) into
the indefinite future. Some of the current effort in the channels should be shifted to shoal sites.
Similarly, some of the current efforts in South and Suisun bays should be shifted to Central and
San Pablo bays. If this basic, "index station” program is made as simple as possible, its
longevity would be more likely. The number of stations and the sampling frequency should
therefore be as modest as possible. The abundance and distribution of benthic organisms should
be carefully considered in choosing index stations, as the benthos provide a kind of "integrated
moving-average" indication of chemical and planktonic conditions.

Actual primary productivity measurements are not necessary, as productivity can be
deduced from biomass, turbidity, and light availability (Sec. A.2.1). But given the importance
of light availability, a permanent station should be established for measuring surface irradiance.
The absence of continuous, reliable, irradiance measurements hinders the interpretation of
existing data sets.

Assumptions about aphotic respiration have a large effect on estimated productivity,
particularly in Suisun Bay (Table A.3). Yet little direct evidence exists on the magnitude of these
respiratory losses. Further experimental work on aphotic respiration in San Francisco Bay would
be a definite contribution, particularly work that would improve estimates of net water column
productivity Ppyw.

Benthic microalgal productivity. No measurements have yet been made on benthic microalgal

productivity, despite their possible significance, especially in South and Central bays (Table
A.4). As discussed previously (Sec. A.2.3), prevailing measurement techniques may be
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Segment SB4
Bay Study Station 101
Midwater Trawl

Species Rank
Jan-Mar

3665
Apr-Jun NAC JACK Sp PH LFS 20 878
10639
Jul-Sep NAC BAT JACK | MID 12 345
9823
Oct-Dec NAC TOP 14 255
2821

Otter Trawl

Species Rank
1 2 3 4 5 6 Spp. catch
NAC SP STAG BAY | ENGL | LFS 34 1785
2652
NAC | WCRK SP BAY | STAG | BRN 22 758
SMO 991
NAC | WCRK | MID BRN 24 424
SMO 1157
NAC SP 21 212
366

Northern anchovy is the most frequently captured species in both nets. Several fish
species increase in abundance during the season when anchovy abundance is low but their small
increases are masked by the large drop in catch of anchovy.

Pacific herring and shiner perch are regular components in the midwater trawl from
January to June. Jacksmelt are regularly caught from April to September in the midwater trawl.
Topsmelt and longfin smelt are caught regularly during parts of the rainy season; topsmelt
principally from October to March and longfin smelt from January to June. Bat rays and
plainfin midshipmen regularly enter the trawls in summer.

In the otter trawl there is a peak in numbers of species and numbers of fish from January
to March. White croaker and brown smoothhounds are regularly caught in the warmer months
(April - September). In the cooler months, shiner perch are regularly caught from October to
June and bay gobies are caught from January to June.

In both nets there is a peak in number of species and in the number of predictable species
from January to June and the least predictability from October to December.






Bay Study Station 108

Midwa Trawl
Species Rank

Otter Trawl
Species Rank

Although located in the same segment as station 107, station 108 displays a very different
pattern of species occurrence. Northern anchovy are not predictably present in all seasons, in
fact the July to September catch of the otter trawl contains no species more than eight times.
The most regularly caught species in the otter trawl at that season is the plainfin midshipman.

In the midwater trawl, northern anchovy regularly dominate the catch from April to
December but in the period from January to March only jacksmelt were caught at least a third
of the time. Pacific herring are found with greater regularity from April through September,
in contrast to their earlier regular occurrence in the more southern stations.

Compared to the other stations in this channel, the otter traw] at station 108 is remarkably
bare of regularly occurring species. Fish catch is similar to other stations and winter and spring
show an increased number of species, but there are few that occur regularly. The commonly
caught species are the two most frequently caught fish in South Bay, northern anchovy and
shiner perch.






Bay Study Station 110

Midwater Trawl
Species Rank

Otter Trawl
Species Rank

Tremendous abundance of northern anchovy in the midwater trawl is the dominant feature
at station 110. Like the other station in SB10, station 110 generally yields most often Pacific
herring and northern anchovy, but white croaker are also regular features of the catch from
January to June and shiner perch often occur from April to September. Like the other station
in this segment, species abundance peaks from April to June with low numbers of species from
January to March when more southerly stations show their greatest species diversity.

The otter trawl catches a high diversity of species for most of the year and, many of them
are quite regular and seasonal in their presence. White croaker and shiner perch dominate the
catch year-round . (shiner perch are not included in the six most frequent species during spring
in the table above but they were caught in more than a third of the trawls performed). They are
joined regularly by English sole from January to March and by bay goby from April to
December. As with station 109, plainfin midshipmen and brown smoothhounds occur earlier
here than they do at stations further south.






























Segment CB7
Station 211

Midwater Trawl
Species Rank

Otter Trawl
Species Rank

Jan-Mar SP DAB | ENGL | LFS NAC | WCRK 28 2572
2808
Apr-Jun WCRK | ENGL | DAB SP LFS NAC 28 2183
2256
Jul-Sep WCRK | NAC SP LFS | ENGL | DAB 26 3152
3326
Oct-Dec NAC | ENGL SP STAG 20 1024
2497
Segment CB7 contains the shallower areas near the Berkeley waterfront. Northern

anchovy and, to a lesser extent, Pacific herring are the most abundant and regular feature of the
trawl. Chinook salmon are present regularly from April to June and absent in earlier months.

In the otter trawl the same six species make up the regular catch from January to
September: northern anchovy, shiner perch, English sole, longfin smelt, speckled sanddab, and
white croaker. Species richness and abundance are also high through these months. During
October to December the total catch and the number of species declines and sanddabs, croaker
and smelt are unpredictable. At this time, though, staghorn sculpins are regularly captured.






San Pablo Bay Channel Station
Segment SP4

Station 325
Midwater Trawl
Species Rank
Jan-Mar
1868
Apr-Jun NAC LFS PH JACK | KS WCRK 22 4071
16414
Jul-Sep NAC PH MID LFS | JACK 15 1449
36882
Oct-Dec NAC LFS SB PH 18 562
2013
Otter Trawl
Species Rank

As with Central Bay, the deep station in San Pablo Bay is dominated by the regular
appearance of northern anchovies in the midwater trawl in all seasons of the year, with Pacific
herring commonly occurring in the catch from April to December. Unlike any of the stations
further downstream, though, striped bass are a regular feature of the fish assemblage from
October to March. Jacksmelt commonly occur in the months from April to September.
Chinook salmon regularly occur in the trawls from April to June.

The fish assemblage from the otter trawl is quite different than at sites downstream;
staghorn sculpin is a regular part of the catch year round and longfin smelt is the most frequently
encountered species in all seasons of the year. Plainfin midshipmen and white croaker enter the
catch for most of the year (April to December) and bay gobies, like jacksmelt in the midwater
trawl, are regular parts of the seasons collections.

























































